Bladder cancer is the most common malignancy of the urinary system, however the molecular pathways underlying this disease are incompletely understood. To understand new regulators of bladder cancer progression, the authors carried out a functional genomic screen which identified glycogen debranching enzyme (AGL) as a novel regulator of bladder cancer growth. Glycogen debranching enzyme is involved in glycogen breakdown and germline loss of function mutation of this gene leads to glycogen storage disease type III. To the best of the authors' knowledge, the present study is the first to demonstrate that loss of AGL leads to aggressive bladder tumor growth. AGL mRNA and protein expression in bladder tumors serve as a prognostic marker for patients. Interestingly, AGL's participation in regulating tumor growth is independent of its enzymatic function and involvement with glycogen metabolism in general. Detailed metabolomics and transcriptomic analysis indicated that increases in glucose metabolism, glycine synthesis driven by serine hydroxymethyltransferase 2 and increases in hyaluronic acid synthase 2-driven HA synthesis are major contributors of aggressive bladder tumor growth with loss of AGL. However, the detailed mechanism of how AGL regulates the above mentioned metabolic and genetic pathways is unknown and is being investigated. The present review focuses on AGL's involvement in bladder cancer.
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Introduction
New medical treatments in oncology depend upon identifying novel prognostic markers and therapeutic targets.
Well-studied malignancies, such as breast cancer, have defined mechanisms based on presence or absence of estrogen or progesterone receptors, which can be used as genetic prognostic markers to determine treatment methods (1, 2) . Non-small cell lung cancer treatments have developed therapies catering towards patients' unique genetic mutations in proto-oncogenes, such as anaplastic lymphoma kinase or in epidermal growth factor receptor genes (3) (4) (5) . However, molecular pathways and genetic alterations in bladder cancer need to be studied further to have effective treatment options as well. Urinary system tumors are the 5th most common tumor type in the United States, with bladder cancer comprising 54% of new urinary system-based tumor cases (6) . Bladder cancer mortality rates have remained relatively unchanged over the past 25 years, while treatment options with low efficacy are in continued use (7, 8) . More biological data must be collected to develop proper therapeutic targets and prognostic markers for bladder cancer to improve treatment methods and patient mortality.
Identification of glycogen debranching enzyme (AGL) as a new player in bladder cancer
To identify new genes responsible for aggressive bladder cancer growth, an in vivo RNA interference library screening was conducted using a whole genome shRNA library (9) . This screen identified amylo-α-1,6-glucosidase,4-α-glucanotrans ferase (AGL) as a potential new regulator of bladder cancer growth (9) . AGL, or glycogen debranching enzyme, is involved in glycogen breakdown (glycogenolysis) (10) . Germline mutations identified in AGL have been associated with Cori disease, otherwise known as glycogen storage disease III (GSD III), characterized by irregular glycogenolysis and accumulation of abnormally branched glycogen (limit dextrin) in the liver (10, 11) . The symptomatic diagnosis of GSD III
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primarily includes poor liver function and, in some cases, poor skeletal muscle function (11) . Despite the understanding of AGL in both glycogenolysis and in GSD III, the present authors were the first to report a connection between AGL and bladder cancer (9, 12) . Analysis of bladder tumors from patients demonstrated that loss of AGL expression (gene and protein) in cancer has been associated with clinically aggressive tumor prognosis and poor patient mortality (9) . These studies have developed investigative interest in characterizing AGL loss in bladder cancer.
AGL, glycogen metabolism and regulation of glycine synthesis
Following identifying AGL as a potential regulator of bladder cancer growth from the functional genomic screen, and demonstrating that loss of AGL expression in bladder tumors leads to poor patient outcome, the authors carried out various cell based functional assays to validate whether AGL serves any functional role in bladder cancer (9) . Tumor cells expressing low levels of AGL displayed enhanced anchorage independent and dependent growth, while AGL overexpression decreased anchorage independent and dependent growth (9) . Further analysis of AGL low tumor cells presented increased production of limit dextrin, or abnormally branched glycogen, similar to patients with GSD III. To understand in detail whether a connection between inhibition of glycogen breakdown and aggressive bladder cancer growth existed, the authors investigated the role of glycogen phosphorylase (PYG), the other enzyme known to interplay with AGL in glycogen breakdown (9, 10, 12) . In addition, experiments using enzymatic null mutants of AGL were conducted to understand AGL's enzymatic activity in bladder tumor growth (9) . Results from these experiments indicated that depletion of PYG did not affect anchorage independent growth of bladder cancer, nor did alteration of the AGL's enzymatic region involved in glycogenolysis have any impact on bladder tumor growth (9) . Thus, it was confirmed that neither AGL's known enzymatic function, nor inhibition of glycogen breakdown, serves a role in bladder cancer progression. This confirmed that AGL plays a role in bladder cancer via an unknown mechanism.
Furthermore, low AGL expression was observed to make bladder cancer cells dependent upon higher levels of glucose for growth. To obtain an insight as to how glucose may be involved in aggressive bladder cancer growth with AGL loss, a metabolomics screen was carried out using 13C-labeled glucose and observed for intake and distribution of glucose (9) . This study indicated that low AGL expressing cells rely upon glucose to help drive increased glycine synthesis (9) . This evidence was supported by the amplified serine hydroxymethyltransferase 2 (SHMT2) gene, responsible for glycine synthesis (13, 14) . In addition, elevated expression of SHMT2 correlates with poor patient prognosis in bladder cancer patients with low AGL expression, verifying the importance of glycine synthesis in AGL low bladder cancer (9) . These findings concluded AGL's biologically relevant position as a tumor suppressor, independent of its enzymatic function, and the potential it has for clinical studies in bladder cancer.
AGL and hyaluronic acid synthesis
The significance of AGL in bladder cancer is clear, but the mechanisms behind tumor growth in AGL low malignancies require further investigation. To observe genetic differences in AGL low bladder cancer, a transcriptional profiling of human bladder cancer cells with and without AGL expression was performed, searching for genes differentially regulated with loss of AGL (15) . Hyaluronic acid synthase 2 (HAS2), a gene associated with HA synthesis (16, 17) , was one of the overexpressed genes with AGL loss (15) . Elevated HAS2 expression is correlated with high-grade bladder cancer and poor patient mortality, making HAS2 a gene of interest for further study in the AGL model of bladder cancer (15) .
Hylauronic acid synthases (HAS) are responsible for making hyaluronan, or HA (17) . Known as non-branching glycosaminoglycans, HA vary in size based on the number of disaccharide repeats, with glucose serving as the precursor molecule for HA synthesis (16, 17) . Located in the extracellular matrix, HA can bind to cell surface receptors designed for different sized HA (18) . HA is biologically relevant in angiogenesis, anchorage independent growth and for allowing cell-to-cell interactions with cancer tissue and surrounding stromal tissue (16, 19) . The significance of HA in cancer biology provided a reason to further investigate HAS2-mediated HA synthesis in AGL low bladder cancer.
HAS2 was identified as the HAS isoform of interest, as the expression of other isoforms, HAS1 or HAS3, were found to be irrelevant in AGL depleted cells (15) . In concordance with increased expression of HAS2, bladder cancer cells with AGL loss presented increased levels of HA synthesis (15) . To further validate the significance of HAS2-driven HA synthesis in AGL low bladder cancer, genetic knockdown of the HAS2 gene and treatment with HA synthesis inhibitor, 4-methylumbelliferone (4MU) (20) , was carried out in bladder cancer cells with and without AGL followed by in vitro and in vivo growth assays. Knockdown of HAS2 resulted in loss of anchorage-independent growth, reduced proliferation and xenograft tumor growth of bladder cancer cells without AGL expression (15) . Treatment with 4MU specifically inhibited growth of AGL low bladder cancer cells, similar to genetic inhibition of HAS2, in in vitro and xenograft growth assays (15) . Further analysis of bladder cancer patient datasets demonstrated that patients with high HAS2 and low AGL mRNA expression exhibit poor outcome, giving credence that bladder tumors with low AGL expression are dependent of HAS2 for aggressive growth (15) . These experiments illustrate the importance of HAS2-mediated HA synthesis in bladder carcinoma cells with AGL loss, and provide a potential mechanism of action to investigate for prognostic markers or therapeutic targets.
AGL and hyaluronic acid receptors
The authors have established that aggressive growth of low AGL expressing bladder cancer relies upon HAS2-driven HA synthesis. However, the downstream signaling triggered by HA in AGL low bladder tumors remains unclear. Hyaladherins, or proteins that bind to extracellular HA, can be either cell surface receptors or extracellular matrix proteins (21) . Two of these cell surface hyaladherins, RHAMM and CD44, are clinically significant in various cancer models (16, 19, 22) . These hyaladherins have been demonstrated to provide multi-drug resistance, assist with anchorage independent growth, and cell motility of cancer cells (23) (24) (25) . Since both RHAMM and CD44 serve a major role in tumor progression, the authors investigated whether these proteins were involved in HA driven rapid growth of bladder cancer cells with AGL loss.
RHAMM and CD44 expressed by cancer cells can be changed by manipulating the amount of HA the cancer cells are exposed to (26, 27) . This has been used as a measure of HA signaling by these receptors. Analysis of CD44 and RHAMM expression in AGL low bladder cancer cells indicated that neither knockdown of HAS2, nor treatment with HA synthesis inhibitor 4MU, was able to reduce expression of CD44 or RHAMM (28) . The addition of superfluous HA also made little change to RHAMM and CD44 expression (28) . This suggested that changes in HA levels do not affect RHAMM or CD44 expression in AGL low bladder tumors. However, it was shown that genetic inhibition of HAS2-, CD44-or RHAMM-induced apoptosis in AGL low bladder cancer cells, where as they had minimal effect on apoptosis of bladder cancer cells expressing AGL (28) . Apoptosis was measured by analyzing caspase signaling and by TUNEL assays analyzing the number of cells undergoing apoptosis (28) . The percentage of AGL low bladder cancer cells undergoing apoptosis with knockdown of HAS2, CD44 or RHAMM was similar, suggesting they are part of the same pathway. Moreover, loss of CD44 or RHAMM reduced expression of HAS2 and HA synthesis in AGL low bladder cancer cells, validating that CD44 and RHAMM interaction with HA and signaling is relevant in AGL low bladder tumors (28) . Interestingly, a bladder cancer cell line with AGL loss is either dependent on loss of CD44 (UMUC3) or RHAMM (T24T, MGHU4) for induction of apoptosis (28) . The reason for cell line based preference for one receptor over the other is unknown. Loss of CD44 and RHAMM predominantly inhibited anchorage dependent and independent growth of AGL low bladder cancer cells as also reported with loss of HAS2 (28) . The current research clearly demonstrates that AGL loss promotes aggressive growth of bladder cancer through downstream signaling of hyaladherins CD44 and RHAMM driven by HAS2-mediated HA synthesis.
Analysis of CD44 and RHAMM mRNA expression as a prognostic marker for bladder cancer patients demonstrated that RHAMM alone and in combination with AGL is prognostic of poor bladder cancer patient outcome, while CD44 mRNA was not prognostic in the bladder cancer patient datasets analyzed by us (28) . Bladder cancer patients with high RHAMM and low AGL mRNA expression were demonstrated to present poor outcome compared to other groups (28) . Thus, bladder cancer patients with low tumor AGL expression and high RHAMM expression can be subjected to personalized treatment with inhibition of HA synthesis or HA signaling driven by RHAMM.
Conclusion
Through extensive experimentation, the authors have reported that the loss of AGL results in aggressive growth of bladder cancer cells and AGL mRNA and protein expression serves as a prognostic marker for bladder cancer patients (9) . In addition, the loss of AGL, SHMT2-driven glycine synthesis and HAS2-driven HA synthesis serves a major role in driving bladder tumor growth (9, 15, 28) . It has been concluded that glucose is a major driver of glycine synthesis with AGL loss (9) , and the authors have unpublished data indicating that glucose is also the major driver of HA synthesis in AGL low bladder cancer cells. Thus, it is believed that the increase in SHMT2 and HAS2 expression with AGL loss drives increased glucose uptake by cells to make more glycine and HA which promotes rapid growth of these cells (Fig. 1) .
Very little is known about AGL biology, other than its involvement in glycogen metabolism. It is unknown how HAS2 and SHMT2 levels increase as a response to low AGL expression. AGL could interact with these genes directly, or interact with intermediary biomolecules, which results in overexpression of SHMT2 and HAS2 with loss of AGL in bladder cancer cells. Experiments need to be carried out to understand how AGL regulates the expression of SHMT2, HAS2 and other genes or pathways that influence tumor growth. It is important to investigate and understand which biomolecules interact directly with AGL and are responsible for regulating tumor growth. Understanding how AGL functions as a tumor suppressor, and the different mechanisms of action by which it regulates aggressive bladder cancer growth, would be beneficial in the future for identification of better therapeutic options based of AGL expression status. Figure 1 . Signaling pathways affected by loss of AGL expression resulting in aggressive growth of bladder tumors. Loss of AGL leads to overexpression of SHMT2 and HAS2, which results in increased glycine and HA synthesis, respectively. This increase in glycine and HA synthesis is supported by increased glucose uptake and metabolism by these cells. Increased glycine synthesis promotes rapid cell proliferation by increasing nucleotide synthesis and increase in HA synthesis promotes tumor growth by signaling through its receptors, CD44 and RHAMM. AGL, glycogen debranching enzyme; SHMT2, hydroxymethyltransferase 2; HAS2, hyaluronic acid synthase 2; RHAMM, hyaluronan mediated motility receptor.
